Fibritin, a 52-kDa product of gene wac of bacteriophage T4, forms fibrous ''whiskers'' that connect to the phage tail and facilitate the later stages of phage assembly. Preliminary experiments suggest that fibritin is a trimer, and its predominant central part has a parallel a-helical coiled-coil structure. To investigate the oligomerization and function of fibritin, we have designed and studied two related deletion mutants, denoted M and E, that consist of its last 75 and 120 amino acids, respectively. Both proteins contain part of the coiled-coil region and the 29 amino acid carboxy-terminal domain essential for the trimerization of fibritin. The proteins are expressed as a soluble product in an Escherichia coli system. We have obtained crystals of fibritins M and E. Complete native X-ray diffraction data sets have been collected to 1.85 and 2.7 Å resolution, respectively. The crystals have space group P3 with a Å 44.3 Å , c Å 91.3 Å (fibritin M) and R32 with a Å 41.2 Å , b Å 358.7 Å (fibritin E) in the hexagonal setting. Symmetry and packing considerations show that fibritin is a triple coiled coil. ᭧
INTRODUCTION
bles into filamentous particles with a length of 530 Å . CD spectroscopy of these particles indicates a 90% a-helical Bacteriophage T4 is a double-stranded DNA virus content (Efimov et al., 1994) . The 486 amino acid sewhich infects Escherichia coli. The T4 virion is formed quence of fibritin consists of an amino-terminal domain by more than 40 different proteins and consists of two (47 residues), a large central domain and a carboxymajor structural elements: an icosahedral head and a terminal domain (29 residues). The central domain has contractile tail having sixfold symmetry (for a review, see 12 segments of various lengths, each containing heptad Eiserling and Black, 1994) . The tail baseplate, a hexagorepeats (a-b-c-d-e-f-g) n where positions a and d are prefnal substructure located on the end of the tail opposite erentially occupied by hydrophobic residues (Sobolev to the head, connects six long and six short tail fibers and Mesyanzhinov, 1991) . Such a sequence pattern is that are responsible for the recognition and attachment characteristic for coiled-coil proteins (McLachlan and of the phage onto the host cell. Another set of six fibers, Stewart, 1975; Cohen and Parry, 1990) . The segments named whiskers, is connected to the phage tail at its are connected by short linker regions where the heptad junction with the head. The whiskers are formed by fiperiodicity is broken (Fig. 1) . Further biophysical and sebritin, a 52-kDa product of the nonessential gene wac quence analysis has led to a model of fibritin as a parallel expressed late in the viral life cycle, and play a role in triple-stranded a-helical coiled coil (Efimov et al., 1994) . the phage assembly, functioning as a specialized chap-
The amino-and carboxy-terminal domains of fibritin eronine. The whiskers, after being attached to the tail, have no heptad repeats and their structure is probably probably interact with both proximal and distal parts of different from that of a coiled coil. Mutant fibritin, lacking the unassembled long tail fibers. This interaction inresidues at the amino terminus, assembles correctly but creases the rate of assembly of the long tail fibers and fails to attach to the phage tail (Efimov et al., 1994) . In their subsequent attachment to the baseplate (Wood and contrast, the carboxy-terminal domain is necessary for Conley, 1979) . The whiskers are also a simple sensing correct assembly of fibritin trimers in vitro, because deledevice that regulates the retraction of the long tail fibers tions in the carboxy-terminal domain yield an insoluble in response to adverse environmental conditions (Conley expression product similar to inclusion bodies (Efimov and Wood, 1975). et al., 1994) . Recombinant fibritin overexpressed in E. coli assem-
The structure of fibritin is convenient for studying the mechanisms that define protein stability as well as the pathway of protein folding and oligomerization. on the surface of phage T4 by fusing them to the carsuccessful crystallizations and preliminary X-ray crystallographic analyses of fibritins M and E. boxy terminus of fibritin (Efimov et al., 1995) . Similar to the recently devised phage lambda vector (Maruyama et al., 1994) , a surface-expressing vector based MATERIALS AND METHODS on phage T4 might be useful for the display of proteins Construction of plasmids encoding fibritins M and E, that cannot be secreted.
expression, and purification We have initiated structural studies of recombinant fibritin in order to investigate the phage assembly. It has Polymerase chain reaction (PCR) was used to generate DNA fragments encoding truncated fibritins. Two olinot yet been possible to crystallize the full-length wildtype fibritin. Therefore, two deletion mutants, fibritins M gonucleotide forward-primers (Table 1) were used to obtain a NcoI restriction site (CCATGG) and to generate fand E, which consist of the last 75 and 120 amino acid residues of the wild-type fibritin, respectively, have been Met residues within the wac gene. A back-primer (Table  1) was used to produce a BamHI restriction site (GGAconstructed. They have only 1 and 3 putative coiled-coil segments encompassing 6 and 10 full heptad repeats, TCC) downstream of the wac gene sequence. The forward-primer, wac-M, was designed to make several subrespectively, together with the complete carboxy-terminal domain. In addition, fibritin M has several substitutions stitutions in the wac gene. The DNA fragments obtained encode polypeptides of 75 amino acids (fibritin M) and with respect to the wild-type sequence that were introduced to further facilitate the formation of a coiled coil. 120 amino acids (fibritin E) ( Fig. 1) . In both cases, the Nterminal methionine is probably not present in the ex-A hydrophilic residue in a d position has been replaced by a hydrophobic one and additional favorable pairs of pressed product. Amplification of the fragments was done from the oppositely charged side chains have been introduced according to the principles proposed by Cohen and Parry pWAC plasmid (Efimov et al., 1994) , which expresses the full-length fibritin. Twenty PCR cycles were used. After (1990). Both fibritins M and E have been expressed, in soluble form, in an E. coli system. Here, we present the digestion with NcoI and BamHI enzymes, the purified ATA AAA GCT ATC GAA ACT GAT ATT GCA TCA GTT AGA CAA wac-E Under these conditions, the crystals had a very uniform 5-CGA GTT TCT ACC ATG GAA ACT shape, but their thickness did not exceed 0.02 mm. In- Back-primer: creasing the precipitant concentration (up to 1.85 M 5-AAT TGG ATC CCC TAA ACG TCT Li 2 SO 4 ) resulted in thicker crystals, but also in more rapid growth and occasional morphological imperfections. Small single crystals could also be obtained from PCR fragments were cloned into the Pet19B vector (No-(NH 4 ) 2 SO 4 , Na, K tartrate, and Na citrate. vagen) under the phage T7 promoter. The plasmids were
The best fibritin E crystals were obtained at 22Њ using expressed in E. coli strain BL21 (DE3) as described by 34% PEG400, 0.1 M Zn(COOH) 2 in 0.1 M MES buffer at Studier et al. (1990) . pH 6.0 as well solution, and using 1 ml well solution Purification of recombinant fibritins was performed as described by Efimov et al. (1994) . For an effective saltingmixed with 1.2 ml protein solution (29 mg/ml) in the drop. out step during purification, the ammonium sulfate conRhombohedral crystals, about 0.6 mm in length, grew in centration had to be adjusted to 45 and 30% saturation about 3 days. Variations of crystallization conditions, for fibritins M and E, respectively, thus showing the differsuch as (1) PEG600 instead of PEG400; (2) buffer at pH ence in their solubility properties. The proteins were 4.5, 5.0, 5.5, or 6.5 instead of pH 6.0; (3) addition of babout 95% pure judging from the polyacrylamide gel elecoctyl glucoside, were explored but produced smaller and trophoresis in the presence of sodium dodecyl sulfate irregular-shaped crystals. stained with Coomassie blue.
The crystals of fibritins M and E were exposed to CuK a radiation (l Å 1.5418 Å ) from a Rigaku rotating anode XCrystallization and X-ray diffraction studies ray source, operated at 50 kV and 100 mA, equipped with perpendicular focusing mirrors, a Ni filter, and a helium Fibritins M and E were crystallized by the hanging drop, path. Oscillation images were recorded by an R-axis IIc vapor diffusion method. The best crystals of fibritin M were image plate detector (Molecular Structure Corp.). The grown using 1.75 M Li 2 SO 4 in 0.1 M Tris-HCl buffer at pH data sets (Table 2) were processed using the programs 7.5 as a precipitant. The crystallization drops were made DENZO and SCALEPACK (Otwinowski, 1993) . by mixing 6 ml of protein solution (20 mg/ml in 10 mM Na phosphate buffer, pH 7.5) with an equal volume of the The fibritin M crystals showed radiation damage after 
FIG. 2.
Possible packing arrangements for fibritin E and fibritin M. The fibritin molecule fragment is a trimer with each monomer having a carboxyterminal domain and a trimeric coiled-coil fiber. Each trimeric molecule when viewed sideways is shown as a shaded cylinder (representing an ahelical coiled coil) plus a hatched elliptical shape (representing the carboxy-terminal domain). In the top view down the threefold axes, the trimeric molecule is shown as a shaded clover-leaf structure superimposed onto the slightly larger diameter hatched carboxy-terminal domain. Fibritin M has a shorter fiber than fibritin E. The scale of the c axis is shortened relative to the scale of the a and b axes. The space group R32 of fibritin E (left) leaves little doubt about the packing organization. However, the space group P3 for fibritin M permits two possibilities. In 1 (top right), there are three parallel molecules equally distributed in the cell. In 2 (bottom right), there are two antiparallel molecules whose orientation and packing are similar to that of fibritin E. several hours of continuous exposure at room tempera-RESULTS AND DISCUSSION ture. They could be flash-frozen on a hair loop in a nitro-
The V M value (Matthews, 1968) for the fibritin E crystals gen gas jet at 100ЊK after being soaked in a solution is 2.35 Å 3 /dalton, assuming one molecule per crystallocontaining glycerol. The glycerol had been increased graphic asymmetric unit. Therefore, considering the progradually to a final concentration of 25% (v/v) in 0.06 M pensity for the fibritin monomer to oligomerize, there are Tris-HCl buffer, pH 7.5, containing 1.45 M Li 2 SO 4 , over six trimers per unit cell, each curled around a threefold a period of 1 hr. A total of 103 consecutive oscillation axis (Fig. 2) . The V M value for the fibritin M crystals is images (10 min exposure and 1Њ rotation per image) were 2.15 or 3.23 Å 3 /dalton, assuming 3 or 2 monomers per recorded from a single flash-frozen crystal.
crystallographic asymmetric unit, respectively. As the a The diffraction data for the fibritin E crystals were coland b axes are essentially the same lengths for the filected at room temperature as no significant radiation britin E hexagonal and fibritin M trigonal unit cells, with decay was observed during the time of data collection.
the same distribution of crystallographic threefold axes, A total of 95 oscillation images (12 min exposure, 1Њ
it follows that the packing of the trimers in the fibritin E and M crystal forms is likely to be similar. The distance rotation per image) were recorded from a single crystal.
into trimers and its role in epitope expression. J. Virol. 64, between trimers is about 25 Å , which is a reasonable 5375. outer diameter for a triple coiled coil. There are two pos- Efimov, V. P., Nepluev, I. V., and Mesyanzhinov, V. V. (1995 T4 tail fibers (Cerritelli et al., 1994) ; phage P22 spike Makhov, A. M., Trus, B. L., Conway, J. F., Simon, M. N., Zurabishvili, T. G., Mesyanzhinov, V. V., and Steven, A. C. (1993) . The short tailprotein (Steinbacher et al., 1994) ; the tail fiber protein fiber of bacteriophage T4: Molecular structure and a mechanism for of the related phages T7 (Steven et al., 1988) fiber protein (Stouten et al., 1992; Xia et al., 1994) . Matthews, B. W. (1968) . Solvent content of protein crystals. J. Mol. Biol.
A search for suitable heavy atom derivatives is now in 33, 491-497. progress. McLachlan, A. D., and Stewart, M. (1975) . Tropomyosin coiled-coil interactions: Evidence for an unstaggered structure. J. Mol. Biol. 98, 293-304. Otwinowski, Z. (1993) . DENZO. In ''Data Collection and Processing''
